Two novel cefquinome sulfate (CFQ)-selective electrodes were performed with dibutyl sebacate as a plasticizer using a polymeric matrix of polyvinyl chloride. Sensor 1 was prepared using sodium tetraphenylborate as a cation exchanger without incorporation of ionophore, whereas 2-hydroxy propyl β-cyclodextrin was used as ionophore in sensor 2. A stable, reliable, and linear response was obtained in concentration ranges 3.2 × 10 −5 to 1 × 10 −2 mol/L and 1 × 10 −5 to 1 × 10 −2 mol/L for sensors 1 and 2, respectively. Both sensors could be sufficiently applied for quantitative determination of CFQ in the presence of degradation products either in bulk powder or in pharmaceutical formulations. Sensor 2 provided better selectivity and sensitivity, wider linearity range, and higher performance. Therefore it was used successfully for accurate determination of CFQ in biological fluids such as spiked plasma and milk samples. Furthermore, an online kinetic study was applied to the CFQ alkaline degradation process to estimate the reaction rate and half-life with feasible real-time monitoring. The developed sensors were found to be fast, accurate, sensitive, and precise compared with the manufacturer's reversed-phase chromatographic method.
. Introducing aminothiazolyl methoxyimino moiety into the acyl side chain extends the activity against both Gramnegative and -positive bacteria, making CFQ more resistant to β-lactamases inhibition. Moreover, this group enhances cefquinome bioavailability compared with older generations of cephalosporins (2) . CFQ is mainly used to treat clinical mastitis, which is a disease caused by Staphylococcus aureus (Grampositive bacteria; 3). Parenteral and intramammary combination therapy for Escherichia coli mastitis has been suggested (4) (5) (6) . Therefore, determination of CFQ in biological tissues and fluids is an application of utmost importance. Several methods for this application have been suggested in the literature and most of them were chromatographic methods with the aid of solid-phase extraction as a pretreatment and purification step for biological samples (7) (8) (9) (10) . The cited methods succeeded in determination of CFQ. However, biological sample treatment prior to its analysis is always a laborious process. Another dilemma with biological application is the low concentrations of drugs present in the samples. For the studied drug, the initial plasma drug concentration following intravenous administration is about 8.51 µg/mL (1.35 × 10 −5 mol/L; 2). On the other hand, the maximum residue limit (MRL) for CFQ in milk is 20 µg/kg according to Annex I Regulation No. 2377/90/EEC [European Economic Community] (11). Generally, cephalosporin has been susceptible to degradation even in solution (12, 13) or in solid states (14) . CFQ, without exception, shows low stability toward acidic and alkaline hydrolysis, along with its susceptibility to photodegradation and thermal decomposition (15) . In this work, stability study of CFQ was performed using two membrane-selective electrodes, one without ionophore (sensor 1) and the other with ionophore (sensor 2). The ability of the proposed sensors to selectively determine CFQ in the presence of its degradation products as well as the sensors' application to directly determine CFQ in the form of dosages and different biological samples was evaluated. Moreover, sensor 2 was used to monitor the online kinetic study of the degradation process.
Experimental

Materials and Chemicals
Pure standard.-CFQ was provided by Intervet, ScheringPlough Animal Health (Munich, Germany). Its purity was 100.32% according to the manufacturer's reversed-phase chromatographic method (RP-HPLC). A C18 stainless steel column (250 × 4.6 mm, 5 μm) was used for the stationary phase. The mobile phase consisted of a mixture of 90 mL acetonitrile, 12 mL phosphoric acid, and 3.45 g sodium perchlorate monohydrate in 1 L water. The pH adjusted to 3.6 using diethylamide, a flow rate of 1.0 mL/min, and UV detection at 270 nm.
Pharmaceutical formulations. Chemicals.-Sodium tetraphenylborate (TPB) and 2-hydroxy propyl β-cyclodextrin were purchased from Sigma-Aldrich (Steinheim, Germany). Polyvinyl chloride (PVC) and dibutyl sebacate (DBS) were obtained from Fluka (Steinheim, Germany). Tetrahydrofuran (THF) was obtained from BDH (Poole, England). The Britton-Robinson buffers in the pH range of 2.0-12.0 were prepared by mixing equal volumes of 0.04 mol/L acetic acid, 0.04 mol/L boric acid, and 0.04 mol/L phosphoric acid. Then the required pH values were adjusted using 0.2 mol/L NaOH standard solution. Sulfuric acid 98%, sodium hydroxide and hydrogen peroxide 30% were purchased from Adwic, Qalyubia, Egypt. Disodium hydrogen phosphate dihydrate, phosphoric acid and acetone were purchased from E. Merck, Darmstadt, Germany.
Degraded samples.-CFQ hydrolytic degradation products were prepared by way of acidic or alkaline media and the dissolution of 100 mg CFQ in either 50 mL 0.05 N sulfuric acid or 0.1 N sodium hydroxide, respectively. The solutions were separately refluxed for 2 h and then neutralized to pH 7.0. The neutral solutions were evaporated, reconstituted in methanol, and filtered. The alcoholic extracts were evaporated to obtain degradation products in solid form. For photodegraded CFQ samples, 50 mg CFQ were dissolved in 50 mL water and subjected to a UV light source at 254 nm for 1 h. The oxidative degradation products were prepared by refluxing 50 mg CFQ with 50 mL 2.5% hydrogen peroxide aqueous solution for 1 h; then excess hydrogen peroxide was decomposed by heating. Complete degradation of CFQ samples was confirmed by RP-TLC using disodium hydrogen phosphate dihydrate (2.0 g %, w/v), and adjusted to pH 3.5 by phosphoric acid-acetone (15:10, v/v) as a developing system. Spots were detected under a UV lamp at 254 nm.
Fabrication of Membrane Sensors
The ion association complex was prepared by mixing ca 10 mL CFQ and TPB aqueous solutions (each 1 × 10 −2 mol/L), then filtered, washed with cold water, and dried at room temperature. In two separate Petri dishes (5 cm diameter), 10 mg of the previously prepared ion association complexes were mixed with DBS (0.35 mL) and PVC (0.19 g) to prepare sensor 1. In the second Petri dish, the same previously mentioned reagents were again mixed but this time with the addition of 2-hydroxy propyl β-cyclodextrin (10 mg) to prepare sensor 2. The two mixtures were separately dissolved in THF (5 mL), covered with a filter paper and left to stand overnight for slow solvent evaporation at room temperature. 
Effect of pH
The effect of pH on the response of the proposed sensors (potential) was investigated using 1 × 10 −2 mol/L and 1 × 10 −3 mol/L aqueous CFQ standard solutions at different pH values, ranging from 2.0 to 12.0. The obtained potential at each pH value was recorded.
Selectivity Measurements
The potentiometric selectivity coefficients ( , K A B pot ) were evaluated according to International Union of Pure and Applied Chemistry (IUPAC) guidelines using the separate solutions method (16) in which the potentials were measured for CFQ cation (A) and interfering ion (B) standard solutions, both having the same activity ( ) a a A B = . Different interfering ions with concentrations of 1 × 10 −3 mol/L in buffer pH 7.0 were used.
Analysis of Synthetic Mixtures
Potentiometric measurements were carried out in different synthetic mixtures containing a fixed concentration of CFQ (1 × 10 −3 mol/L) while varying concentrations of acidic degradation products in buffer pH 7.0. The potential of each mixture was recorded with the two sensors and the concentration of CFQ was calculated from the corresponding regression equations.
Applications
Pharmaceutical formulations.-Two amounts of suspension and ointment formulations equivalent to 157 mg CFQ each were accurately transferred into two separate 25 mL volumetric flasks, and the volumes were filled to the mark with methanol. The solutions were sonicated for 10 min to enhance drug extraction. Ten-fold dilutions of the prepared solutions were applied using buffer pH 7.0, then the potentials of the prepared buffered solutions were measured. The concentrations of CFQ were calculated from the corresponding regression equations.
Spiked plasma samples.-Spiked plasma samples were prepared by transferring 2.5 mL aliquots from CFQ standard solution (1 × 10 −4 mol/L) into a 25 mL volumetric flask, where the volume filled to the mark with bovine plasma. Twenty milliliters of spiked plasma sample were placed into a 25 mL beaker and the initial potential measured using sensor 2. While potentiometric measurement proceeded, 0.5 mL aliquot from 1 × 10 −4 mol/L CFQ standard solution was added; then a second potential was measured after stabilization. The two measured potentials, before and after standard addition, were used to calculate the concentration of CFQ in the spiked plasma samples. Spiked milk samples.-Spiked milk samples were prepared by transferring 2.5 mL aliquots from CFQ standard solution (1 × 10 −4 mol/L) into a 25 mL volumetric flask and the volume filled to the mark with cow milk. Twenty milliliters of spiked milk sample were placed into a 25 mL beaker and the initial potential measured using sensor 2. While potentiometric measurement proceeded, successive additions of 0.5 mL aliquot from 1 × 10 −4 mol/L CFQ standard solution were applied. Stable potentials were measured after each addition. A graphical plot of the standard addition curve was used to calculate the concentration of CFQ in the spiked milk samples.
Kinetic Study
Determination of reaction order.-Sensor 2 was immersed in conjunction with a double-junction Ag/AgCl reference electrode into 22.5 mL buffer pH 10.0. The buffer solution was thermostatically controlled at 25°C. Once the potential stabilized, 2.5 mL aliquots from 1 × 10 −2 mol/L CFQ standard solution were added. The potential of the solution having initial concentration [C 0 = 6.27 × 10 −4 g/mL (1 × 10 −3 mol/L)] was measured at zero time, then potential measurements were carried out in 15 min intervals. The reduced concentrations of CFQ were calculated using the corresponding regression equation, performed for CFQ in pH 10.0 at 25°C. The log% of the remaining concentration was plotted against time to determine the reaction order and to calculate rate constant (k), half-life (t 1/2 ), and t 90% . Effect of pH on the reaction rate.-From 1 × 10 −2 mol/L CFQ standard solution, 2.5 mL were transferred into three 50 mL beakers, each containing 22.5 mL buffer with different pH values (9.0, 9.5, and 10.0) and thermostatically controlled at 25°C. The potentials were continuously monitored as previously described. The log% of the remaining concentration was plotted against time for all three buffers. The rate constant values, their corresponding t 1/2 and t 90% were calculated. Effect of temperature on the reaction rate.-The previously described procedure for continuous potential monitoring for the three buffered solutions (pH 9.0, 9.5, and 10.0) was followed, while thermostatically heated at 25, 30, and 35°C. Likewise, the log% of the remaining concentration was plotted against time for different temperatures. In addition, an Arrhenius plot was drawn to determine the effect of temperature on the hydrolysis rate.
Results and Discussion
Ion-selective electrode theory and characterization methodology for chemical application were adopted over the last few decades (17) . Stability indicating electrochemical ion-selective electrodes (18) along with application on plasma samples (19) followed. The introduction of ionophores enhanced selectivity and improved electrode response toward electroactive analytes (20) . More recently, monitoring kinetic study of the degradation process of electroactive drugs was carried out using membrane electrodes either off-(21) or online (22) during hydrolytic degradation.
In this work, two membrane sensors for CFQ were used for its determination in the presence of degradation products. Applications of membrane-selective electrodes were further used to determine CFQ in dosage form, and sensor 2 was used to determine CFQ in different biological samples without the need for pretreatment or purification steps. Furthermore, kinetic behavior of the degradation process was monitored using sensor 2. Upon review of the literature, we found electroanalytical methodology has not been previously used for the determination of CFQ and that online kinetic study had also never been applied specifically to observe the degradation process. Only offline HPLC kinetic monitoring has been previously reported (23) . The studied drug possessed a positive quaternary amine of 5,6,7,8-tetrahydroquinolinium ion which suggests the use of TPB as counter anion for the cationic CFQ in the two proposed PVC membrane sensors. The formation of stable water-insoluble ion association complexes between CFQ and sodium TPB in a 1:1 ratio was confirmed by Nernstian responses close to +60 mV, which is the typical value for monovalent cationic drugs.
Concerning the stability of CFQ, the intact drug was subjected to acidic and alkaline hydrolysis, UV light, and oxidation. Degradation processes were confirmed by RP-TLC: two bands at R f 0.40 and 0.82 for the two degradation products of hydrolysis and photodegradation, respectively, as well as a third band at R f 0.87 observed for the product of oxidative degradation (Figure 2) . Intact CFQ at the R f 0.62 band was monitored to confirm complete degradation. Based on previous studies of structurally related cephalosporin (Cefpirome), the common degradation pathway involved the cleavage of the carbon nitrogen bond attached to position three in the cephalosporin nucleus (12) (13) (14) . Therefore 5,6,7,8-tetrahydroquinoline (R f 0.4) was suggested. This degradation product is liable to air oxidation, which can occur during preparation steps, and converts into 5,6,7,8-tetrahydroquinoline 1-oxide, which is stabilized by resonance (24) . Mass spectrometry revealed a molecular ion peak m/z at 148, which confirms the proposed common degradation product (Figure 3) .
Characteristics of the Proposed Ionophore-Based Sensor
Molecular recognition between host molecules (ionophore) and guest molecules (drug) improves the response of ionophore-based potentiometric sensors (sensor 2). Cyclodextrins (CDs) are the most popular ionophores in use. In either their natural or synthetic form, CDs act as molecular receptors. In the case of natural CD, cooperative binding with certain guest molecules is mostly attributed to intermolecular hydrogen bonding between CD molecules. Intermolecular interactions between host and guest molecules (hydrogen bonds, hydrophobic interactions, and van der Waals forces) contribute to cooperative binding processes when synthetic CDs are used (25) . Although the size and geometry of the guest mainly govern binding strength, it is possible to influence host-guest interactions by modifying the three hydroxyl groups on each glucose unit. Indeed, the use of 2-hydroxy propyl β-cyclodextrin enhances the interaction properties between host and guest molecules (26) . Positive CFQ ions prefer the high-donation sites (OH groups) of the 2-hydroxy propyl β-cyclodextrin structure. Therefore, sensor 1, where the ionophore was absent, has a lower slope than sensor 2 ( Table 1) .
The electrochemical performance characteristics of the proposed CFQ sensors were evaluated according to IUPAC standards (16) . Two different assemblies for each sensor were used over a 1 month period and the measurements carried out at 25°C. The results are provided in Table 1 . Typical calibration plots for both sensors are shown in Figure 4 . Sensor 1 has a relatively lower slope with narrow linearity range. The slopes obtained from the calibration plots are 54.9 and 57.1 mV per decade for sensors 1 and 2, respectively. The electrodes' response to the CFQ cation is related to its activity rather than its concentration, therefore deviation from an ideal Nernstian slope at 25°C (60 mV) occurs. However less significant deviation was observed for sensor 2. Constant potential readings were displayed for both sensors during day-to-day measurements and the change in calibration slopes were within ±2 mV per decade over a period of 21 and 35 days for sensors 1 and 2, respectively. Detection limits for the two sensors were calculated according to the IUPAC definition; indubitably sensor 2 had a relatively lower LOD, as can be seen in Table 1 . The regression equation of the linear response between measured potential (E) in millivolts and the corresponding concentration of CFQ (C ) in molar is represented by the following equation:
where (K) represents the standard electrode potential in buffer pH 7.0 at 25°C and (S) is the Nernstian response.
Effect of pH
The potential stability of the proposed sensors over various pH ranges was also examined. The results revealed a fairly . Beyond this pH range, the potential was unstable, which may be attributable to the degradation of CFQ in acidic and alkaline media, forming 5,6,7,8-tetrahydroquinoline with tertiary amine group of pKa 6.0. Therefore potential increment in acidic pHs (below 5.0) was observed, due to protonation of the proposed degradation product (ionized) or interference of hydronium ions. Whereas the potential decreased in alkaline pHs (above 8.5) since the degradation product becomes no longer protonated (unionized).
Selectivity of the Proposed Sensors
The results obtained through a separate solution method (Table 2) show reasonable selectivity by both sensors for CFQ determination compared with degradation products and several other interfering ions commonly used as pharmaceutical additives or that can be found in biological fluid. , K A B pot was calculated using the following equation:
where S is the slope of the calibration plot, a A is the activity of CFQ, z A and z B are the charge numbers, and E A and E B are the measured potentials for CFQ and the interfering ion, respectively.
Synthetic Mixture Analysis
In practical applications, primary and interfering ions are present at the same time and the electrode may behave quite differently in these cases as opposed when either type of ion is solely present. However, results obtained upon analysis of synthetic mixtures containing different ratios of intact drug and acidic degradation products varying from 1:1 to 1:6 showed that both sensors can be successfully used for selective determination of CFQ in the presence of its acidic degradation products (Table 3) . Therefore both sensors are recommended in stability studies.
Determination of CFQ in Pharmaceutical and Biological Samples
Pharmaceutical formulation.-Potentials (E) of the buffered dosage form solutions were measured using sensors 1 and 2, and the CFQ concentrations (C unk ) were calculated as follows:
Bovine plasma.-To eliminate potential drift during measurement in plasma samples, standard addition was applied, where the potential (E 1 ) of a 20 mL spiked plasma sample is measured, then 0.5 mL 1 × 10 −4 mol/L CFQ standard solution is added to the first volume, and the potential (E 2 ) remeasured. Applying both potentials, the following two equations are produced: 
Finally, the unknown concentration in the plasma samples (Table 4) is calculated as follows:
Cow milk.-Cow milk is a complex matrix containing approximately 87.7% water, 4.9% lactose, 3.4% fat, 3.3% protein, and 0.7% minerals. Highly interfering milk ions may affect CFQ cation response. As a result, successive standard additions to spiked milk samples are required to overcome any matrix interference, where the initial potential for the sample is measured (E 1 ). Then potential measurements are taken after each added standard (E 2 ). Equation 6 was transformed into linear expressions as follows: − from which C unk can be calculated. Figure 6 shows the standard addition curve for the milk sample. Table 4 contains the results of the pharmaceutical and biological applications. Both sensors were used for CFQ determination in the pharmaceutical samples with high accuracy and precision. On the other hand, sensor 2 is specifically recommended for accurate CFQ determination in biological samples, with no plasma protein or milk fat interference.
Degradation Kinetics
The offline monitoring of degradation reaction is a time-consuming procedure. On the contrary, to accurately estimate constants for the reaction rate, online monitoring is recommended, given the real-time observation of CFQ hydrolysis. Sensor 2 was used for this study thanks to a shorter response time and longer-lasting stability. The linear relationship obtained from plotting log% of the remaining concentration against time ( Figure 7 ) indicated a first-order degradation process for CFQ. However, as hydrolysis took place in large excesses of buffer (pH 10.0), pseudo-first-order reaction rate was suggested to be at play, which is the term used when two reactants are involved in the reaction but the change in concentration of one of the reactants (buffer) is negligible as a result of its presence in large excess compared with the change in concentration of the other reactant (drug). The Nernstian responses (S ) of the calibration curves at these pH values were checked and confirmed as not having significant differences compared with the calibration plot for pH 7.0 (data not provided). Therefore C 0 and concentrations at t-time (C t ) can be calculated as follows:
where E c0 and E ct are the initial and t-time potentials, respectively. To overcome different intercepts (K ) in each calibration plot, the following equation was concluded to calculate log% of the remaining concentration at each of the three pH values: 
Equation 12 is a newly designed mathematical equation for the kinetic calculations for log% of the remaining concentration in potentiometric applications.
Different parameters that affect the reaction rate were studied. The effect of temperature and pH on CFQ degradation was studied by conducting reactions at different temperatures using different buffer pH values as shown in Figure 8 . K and t 1/2 were calculated for each temperature. In addition, log k was plotted against the reciprocal of the temperature in Kelvin (Arrhenius plot), as shown in Figure 9 , to demonstrate the effect of temperature on the rate constant. It was concluded that as the temperature increased, the rate of hydrolysis increased with a decrease in t 1/2 ( Table 5 ). The pH of the buffer used was another factor that affected the reaction rate. Therefore, buffers with different pH values were used to study the hydrolysis reaction. Table 5 shows that the rate of hydrolysis increased as pH increased. Because the degradation process was accelerated within a narrow temperature range, the effect of pH was more obvious than the effect of temperature on the CFQ hydrolysis rate, especially at pH 10.0.
Finally, the proposed electrochemical method was statistically compared with the manufacturer's RP-HPLC method. The calculated values show that there is no significant difference between the two methods in terms of accuracy and precision (Table 6) .
Conclusions
In conclusion, the sensors described were sufficiently simple and selective for the quantitative determination of CFQ in presence of its degradation products in its pure form and in pharmaceutical formulations. The better response characteristics and selectivity coefficients of sensor 2, along with its wider linearity and lower detection limit, made accurate determination of CFQ in low concentrations in bovine plasma and cow milk spiked samples feasible without pretreatment or separation steps that have been required in previously reported methods. Initial plasma concentration of CFQ was almost determined using sensor 2. However the CFQ MRL for milk was lower than the LOD. In fact, research to decrease the LOD in sensors will be an area of future exploration. Moreover, online kinetic monitoring of the CFQ hydrolysis process is a convenient way to estimate reaction rate and half-life, in addition to the accurate real-time determination of any remaining drug. Although temperature changes were conducted within a narrow range, the research revealed how little effect temperature has on reaction rates compared with increases in pH. Accordingly the proposed sensors can be used to routine analyze CFQ in quality-control laboratories. 
